The concept of an Endothelial Progenitor Cell (EPC) that participates in adult angiogenesis is less than a decade old, yet it has received a great deal of attention due to its potential for cellbased clinical therapies in many pathologies. However, controversy remains as to the identity of this bone marrow-derived cell type and its ability to give rise to new endothelium in the adult. Reports on the contribution of EPCs to new vessels in ischemic tissue or tumors vary widely, ranging from 80 -90% to negligible. As researchers hone their ability to identify, isolate, and expand these cells by their markers and functionality, mounting evidence suggests that they might constitute multiple, but related cell types. At least two general phenotypes have emerged from studies of bone marrow-derived cells contributing to angiogenesis: one that incorporates into the endothelial wall directly contributing to vascular expansion and another that is able to home to neovessels, but it locates behind the endothelial wall. Nonetheless, experimental evidence indicates that this second cell type supports the viability of newly formed vessels and thus it is equally relevant to neovascular growth. As our understanding of neovascularization in pathologic states expands, a more clear definition of the multiple cellular components required for the process will shed light into new models of therapeutic intervention. The identification of a cell type that could be isolated, expanded and infused into a patient would be very useful for promoting angiogenesis in ischemia, myocardial infarct and other pathologies. 
ABSTRACT:
The concept of an Endothelial Progenitor Cell (EPC) that participates in adult angiogenesis is less than a decade old, yet it has received a great deal of attention due to its potential for cellbased clinical therapies in many pathologies. However, controversy remains as to the identity of this bone marrow-derived cell type and its ability to give rise to new endothelium in the adult. Reports on the contribution of EPCs to new vessels in ischemic tissue or tumors vary widely, ranging from 80 -90% to negligible. As researchers hone their ability to identify, isolate, and expand these cells by their markers and functionality, mounting evidence suggests that they might constitute multiple, but related cell types. At least two general phenotypes have emerged from studies of bone marrow-derived cells contributing to angiogenesis: one that incorporates into the endothelial wall directly contributing to vascular expansion and another that is able to home to neovessels, but it locates behind the endothelial wall. Nonetheless, experimental evidence indicates that this second cell type supports the viability of newly formed vessels and thus it is equally relevant to neovascular growth. As our understanding of neovascularization in pathologic states expands, a more clear definition of the multiple cellular components required for the process will shed light into new models of therapeutic intervention. The identification of a cell type that could be isolated, expanded and infused into a patient would be very useful for promoting angiogenesis in ischemia, myocardial infarct and other pathologies. HISTORICAL PERSPECTIVE V ascular morphogenesis in the embryo is initiated by a progenitor cell of mesodermal origin, the hemangioblast, capable of giving rise to endothelial and hematopoetic lineages. In the adult, however, the presence of a common hematopoietic/endothelial progenitor has been long debated with relatively little experimental evidence. Mechanisms of postnatal angiogenesis were assumed to involve the local outgrowth of pre-existing vessels via the expansion of mature endothelial cells in response to angiogenic growth factors. However, the search for an adult "hemangioblast" was given stronger consideration when Asahara and colleagues described that a peripheral blood mononuclear population was able to differentiate into endothelial cells in vitro and incorporate into ischemic tissues at sites of angiogenesis (1) . Shortly after Asahara first documented the presence of an endothelial progenitor in the circulating blood, Shi, and colleagues cultured a bone marrow-derived CD34ϩ subset of cells and found that these cells were able to differentiate into endothelial cells and colonize aortic Dacron implants (2) . These findings indicated the existence of a bone marrow source of endothelial progenitors that could be recruited to a site of vascular repair and contribute to the expansion of the vasculature.
Additional studies reported similar phenomena demonstrating the incorporation of progenitor cells in vessels under repair in limb ischemia (3) (4) (5) (6) (7) (8) (9) (10) , sites of myocardial infarct (11) (12) (13) (14) , wound healing (1, (15) (16) (17) , and atherosclerotic plaques (18, 19) . Models of tumor vascularization also showed bone marrow-derived cells incorporated into tumor neovessels (15,20 -24) . A pinnacle study, demonstrating the dependence of bone marrow-derived endothelial progenitors for tumor growth, came in 2001, when Lyden and colleagues used an angiogenesis-impaired mouse model, a double knock-out for the Id1/Id3 genes. This mouse failed to grow solid tumors due to poor vascular growth. Interestingly, tumor growth was restored after transplantation of wild type bone marrow, suggesting that neovascularization of tumors required cells from the bone marrow (21) . Studies before this landmark report had indicated the potential of a bone marrowderived precursor to contribute to endothelium, but failed to document a strict requirement of this endothelial progenitor to the progression of angiogenesis. Nonetheless the complete lack of tumor growth in the absence of these progenitor cells and its restoration after transplantation provided a concrete demonstration that a bone marrow-derived cell was necessary and sufficient for adult neovascularization.
These studies engendered tremendous enthusiasm in the field. For the first time, rapid and clinically meaningful therapies could be exploited with vast implications to a multiplicity of vascular diseases. The immediate challenge faced by the next wave of studies was the identification of this progenitor and the functional demonstration that this cell had a high potential for endothelial incorporation. These initial studies identified subsets of cells with similar potential for endothelial repair, but with widely variable levels of engraftment and, possibly, different roles in the angiogenic process. In the literature, the reported engraftment has ranged from Ͻ1% to 95% (25, 26) . More recently, several studies have down-played the direct involvement of bone marrow-derived endothelial progenitors as a mechanism for the physical expansion of the endothelial wall (27) (28) (29) (30) . Rather, these results would imply that endothelial progenitor cells (EPCs) represent a monocytic-macrophage cell that aids in the repair and angiogenic potential of vessels undergoing growth via sprouting and that home to the perivascular space. Together, the recent findings do not directly contest the conclusions obtained by Lyden, but question the mechanism by which bone marrow-derived cells are participating in vascular expansion and to what degree. This point has not been resolved and is the subject of much discussion.
The cell surface markers, experimental models, and engraftment readout in the aforementioned studies have varied significantly, leading to controversy as to the identity of an EPC and its role in adult angiogenesis (Table 1 ). Regardless, cell based therapies are currently being explored in pilot clinical studies. Thus, an overriding theme is the need to establish a working definition for the EPC. The current definition includes a cell that: 1) resides in the bone marrow and can be recruited by mobilizing growth factors or other cues to sites of vascular injury or tumor growth; 2) expresses surface markers that include both endothelial and hematopoetic cell types; 3) can be distinguished from mature, differentiated circulating endothelial cells (CECs); and 4) can integrate into the endothelium at sites of vessel repair or angiogenesis (33, 40) (Fig.  1 ). This definition, however, in light of the above conflicting reports, remains ever changing and incomplete. The identification of all bone marrow-derived cells involved is paramount to define their specific contributions to growing vessels. In this review we provide a summary and discussion of the limitations encountered by investigators in this area, the novel approaches being used to reconcile conflicting reports, and the current functional view of endothelial cell progenitors.
THE DIFFICULTIES IN IDENTIFYING EPCS: TOOLS, MARKERS AND MODELS
Indispensable tool: Flow cytometry. Flow cytometry has proven an indispensable tool in studying endothelial progenitors. Cell surface markers that represent cell populations with both hematopoietic and endothelial lineages can be detected, quantified and isolated for further exploration in functional assays (31, 32) . The method is extremely sensitive and it provides the easiest alternative for screening large numbers of cells, quickly and accurately, using multiple parameters (markers) needed to identify rare progenitor populations. EPCs have been shown to represent between 0.01% and 0.0001% of the total mononuclear cell fraction from a normal peripheral blood sample, making collection efforts dependent on a very large amount of blood or pooling of multiple samples (32) . A widely used method of enriching the EPC fraction in blood is to use known mobilization factors as a The biology behind how these factors mobilize EPCs from the marrow is not entirely understood. However, it appears that matrix metalloproteases are involved in at least one step. Matrix Metalloprotease 9 (MMP-9), an extracellular matrix metalloproteinase expressed by bone marrow stromal cells, is required for shedding c-kit (a cell surface molecule expressed by stem/progenitor cells) from the cell surface; this event appears to be an essential signal for EPC release from the marrow stroma. Likely, multiple mechanisms participate in the exit of EPCs from the marrow; some of these are likely to be dependent on the stimulus (VEGF versus SDF-1, for example). Regardless of the specific mechanism, the release of EPCs from the bone marrow upon exposure to these factors is well documented and is an established technique for increasing the yield of these cells experimentally.
With recent advances in cytometric technology, the explosion of available MAb, and increased knowledge in stem and progenitor cell biology, flow cytometry has become the gold standard for characterization and isolation. However, it has limitations in the context of studying differentiating cells, as the cell surface molecules used as markers represent only a snapshot of a highly plastic and immature cell type. Presumably, the EPC exists in multiple states of differentiation in any peripheral blood sample. A putative EPC is likely to display a complement of surface markers when in the bone marrow that changes once released into blood stream and subsequently within the growing vessel at its final destination. Unfortunately, flow cytometry also fails to reveal the source of the cell if not used in combination with a technique to indicate bone marrow origin. For example, mature CECs have been shown to slough off from the endothelial wall, circulate and can be mistaken for circulating EPCs originating from the bone marrow (25, 26, 32, 35, 36) . To overcome these concerns many studies currently use flow cytometry in combination with functional assays and these have supported a significant, yet incompletely understood, role for a bone marrow-derived cell in vascular repair and neoangiogenesis.
Cell surface markers. Flow cytometry relies on the specificity of cell surface proteins expressed by distinct cell populations and the corresponding antibodies that are used to identify them. The most widely used combination of surface markers for identifying peripheral blood EPCs have been CD34, Prominin-1 (CD133) and VEGFR2/flk-1 (4, 26, 37) . Certain considerations exist in using these markers mostly because alone, none are specific for EPCs. CD34, for example, is a hematopoietic marker and can be found on other bone marrow-derived stem cells. In fact, EPCs represent a very small fraction of the total CD34ϩ population in the bone marrow or peripheral blood (32) . CD34 can also be found on mature CECs (38) . Therefore, CD34 must be used in conjunction with other markers to identify a more specific population of cells. A list of common markers used for EPC identification, alternate names and expression on cell types other than EPCs can be found in Table 2 .
CD133 was first isolated and characterized by Weigmann, as a marker of neuroepithelial stem cells (39) . It was subsequently noted by a second group to be expressed on CD34ϩ (23) . Reports of CD133 expression in a bone marrow-endothelial progenitor gave weight to the notion that CD133 was a definitive marker for the EPC. Unfortunately, subsequent studies demonstrated promiscuous expression in adult epithelial cell types, as well as other nonendothelial immature cell types in the adult (45) . More recent clinical studies on patients with nonsmall cell lung carcinoma (NSCLC) have argued against the notion that CD133 is an endothelial progenitor marker (46). Florek and colleagues used a CD133 specific antiserum as opposed to a MAb to study the adult expression pattern and found expression in the adult kidney and mammary gland (45) . They also found expression at the periphery of kidney tumors. This observation along with several others noting expression in solid tumors and in several leukemias, gave rise to the additional classification of CD133 as a cancer stem cell marker. It should be stated that the function of CD133 is yet to be determined (42) . This engenders some uncertainty about using it as a definitive endothelial progenitor marker, at least until its role in endothelial progenitor function can be established.
Lastly, the marker VEGFR2 is expressed by mature endothelial cells and is often used to delineate EPC populations in bone marrow or peripheral blood cells. CECs, being endothelial cells sloughed from a vessel wall, also express VEGFR2, possibly mistaking differentiated cells of non-bone marrow origin for EPCs. Thus, stem cell markers are used in combination with VEGFR2 to ensure the progenitor nature of the cell (38) . Additional cell surface markers that have been used to identify cells with progenitor characteristics are c-kit and Sca-1. The role of c-kit in EPC biology was discussed above and it relates to their mobilization from the bone marrow. Sca-1 appears to be associated with cell fate decisions of pluripotent progenitors and regulation of c-kit expression. In fact, Sca-1(Ϫ/Ϫ) bone marrow cells had fewer myeloid progeny and decreased c-kit on their cell surface (47) . Again, when used in combination, these markers may detect more defined populations of a possible EPC, but may still exclude important intermediaries or include side populations that do not directly contribute to angiogenesis. With the limitations of cell surface marker characterization, genetic techniques have been used to more accurately trace cell lineages of interest.
Genetic models. With no clear understanding of the contextual clues for differentiation during the transit of EPCs and the incomplete characterization of their cell surface markers, it is difficult to pin-down the exact phenotype of the EPC population in human samples or in experimental models. Therefore, genetic markers have been used in combination with bone marrow transplantation models to trace cells of bone marrow origin to their end point in sites of angiogenesis. Whereas cell surface markers may be transiently expressed, a genetic marker is a permanent event regardless of the differentiation status of that cell.
In some instances, Cre-recombinase in combination with a reporter gene preceded by a loxP-stop codon-loxP cassette has been used to trace that cell and mark its entire progeny. Current genetic models that have allowed significant insight into EPC biology include Tie2/LacZ and Tie2/GFP, SCL-1/ LacZ, and VE-Cadherin/Cre/Rosa26R.
Tie-2 is a receptor tyrosine kinase expressed by endothelial and some hematopoietic cells. The promoter has been effective for tracking endothelial progenitors in neovessels in tandem with bone marrow transplantation studies (15,48 -50) . The ligand for Tie2 receptor is Angiopoietin-1, and as aforementioned, Ang-1 can be used to artificially mobilize EPCs and enrich the peripheral blood with Tie2 expressing cells. The Tie2 model has been extremely useful in tracking cells thought to be involved in postnatal angiogenesis, however, the normal expression pattern of Tie2 in the adult vasculature remains largely uncharacterized, an unfortunate caveat for some studies.
Evaluation of EPCs in tumor angiogenesis (15) and ischemia, (15, 50, 51) , using Tie2 expressing bone marrow cells, have shown endothelial incorporation and differentiation. However, there have been other reports of a Tie2 expressing monocytic cell type homing to the perivascular space that does not contribute directly to the endothelial wall (27, 30, 52, 53) . Interestingly, elimination of this monocytic cell type resulted in a significant inhibition of tumor growth in mouse xenograft assays. This finding, in combination with similar studies, plainly demonstrates the contribution of multiple cell types in tumor angiogenesis. Recently, De Palma and colleagues characterized three distinct cell types that were targeted by a Tie2 lentiviral vector (30) . Therefore, evaluation of models using Tie2 as a genetic marker may be difficult to compare with other EPC studies, as the subset of cells being evaluated might not be entirely specific to the endothelial lineage.
A transgenic mouse using an enhancer element from the stem cell leukemia-1 (SCL-1) gene has also been used in EPC lineage studies (54) . This transcription factor was identified in hematopoietic disorders, as mutations were noted in several types of leukemia. Nonetheless, SCL was also found to be expressed by endothelial cells during development (54, 55) . Further dissection of the SCL promoter using transgenic mice identified a 5= element shown to drive expression specifically in the endothelial compartment. By using a tamoxifen-inducible reporter system driven by the SCL-1 endothelial enhancer, Gothert and colleagues found that newly generated vessels did not contain any bone marrow-derived cells, but rather were derived from the hosts' mature endothelial cells (28) . This is in contrast to other genetic models, including those using VE-Cadherin.
VE-Cadherin (or CD144) is an endothelial specific adhesion molecule that binds homotypically to molecules on adjacent 29R BIOLOGY OF ENDOTHELIAL CELL PROGENITORS endothelial cells (56) . The promoter of the VE-Cadherin gene has been well characterized and its activity appears to be constitutive in all endothelial cells during development, as well as in the adult quiescent endothelium (57) (58) (59) . Because of its broad and constitutive endothelial expression, a transgenic model was developed in which the VE-Cadherin promoter drives expression of CreRecombinase (60) . Once mated with the ROSA26R mouse, the resulting combination provides a functional read-out of the Cre activity via the expression of the lacZ reporter gene (61) . Being an irreversible excision, LacZ serves as permanent marker for all VE-Cadherin expressing cells and their progeny, irrespective of the VE-Cadherin status of its descendents. In this way, the model offers a lineage map of cells that at one time had expressed VE-Cadherin. This mouse has been used in bone marrow transplantation studies and revealed low, albeit clear contribution of bone marrow cells to the endothelial wall of tumor neovessels. It has also shown monocytic cells within the perivascular space of the tumor, a result of VE-cadherin expression in hematopoietic progenitors. The finding of monocytic cells is also consistent with reports by several other groups using different models (27, 30, 52) .
Retrospective human studies. Perhaps one of the greatest untapped resources for evaluation of EPC incorporation is preserved human tissue obtained from biopsies posttransplantation. One of the most convincing studies used patients that underwent sex-mismatched bone marrow transplants. Searching for the Y chromosome in tissue from female recipients, it was possible to demonstrate bone marrowderived cell incorporation in the endothelium. The study reports that on average 2% of the recipients' endothelium was donor-derived (62) . Human atherosclerotic plaques from sexmismatched recipients have also been evaluated and shown to contribute to smooth muscle cells associated with the vessel along sites of plaque formation (63) . In cases of heart transplantation and coronary artery grafts, host cells were found contributing to the grafted tissues' endothelium (64). Transplanted liver patients also displayed significant contribution to the new organs' endothelium (65) .
In vitro expansion of progenitor populations. EPCs are a rare population in the peripheral blood and bone marrow. As aforementioned, they represent between 0.01% and 0.0001% of the total peripheral blood mononuclear cell (PB-MNC) fraction from a normal blood sample. For this reason, researchers have cultured subsets of cells taken from total PBMNCs in vitro in an effort to obtain a sufficient number of cells to test incorporation or vascular repair in vivo. Many studies are also employing in vitro culture to produce a large number of relatively clonogenic endothelial precursors (66) .
The success of ex vivo amplification and/or genetic manipulation in many reports has already yielded promise for clinical use (24, 27, 30, (67) (68) (69) (70) . Many studies currently rely on in vitro growth behavior as a selection criteria for EPCs (71) . However, there is an inherent risk in driving the cells' differentiation program by changing its microenvironment. Removing EPCs from the contextual clues present in the bone marrow stroma or peripheral blood, or by addition of artificial signals, is likely to induce differentiation toward a particular phenotype and force highly plastic cell types to assume a precursor identity that might not normally occur in vivo.
In considering data from transplantation or infusion studies using ex vivo expanded cells there is, on average, a higher reported incorporation rate than in experiments using noncultured cells, (about 7%, as opposed to 2%) (25) . This increased incorporation may be due to a re-programming event, whereby culture conditions elicit a differentiation response from multiple progenitor cell lineages toward the endothelial fate that might not occur in all cells in vivo. Koizumi and colleagues have assessed the incorporation rate of organ derived endothelial cells, such as human aortic endothelial cells (HAEC) and human umbilical vein endothelial cells (HUVEC) and found both, seemingly mature, endothelial cell types to possess the potential to survive, proliferate and incorporate, when transplanted, into mouse endothelium (72) . Recently, longterm culture experiments were performed with HAEC and HUVEC cells (73) . These cells were previously thought to be short-lived in culture because of their differentiated state. However, these cells proliferated in vitro just as long as EPC cultures from other experiments. Also, a small percentage of cells in HUVEC and HAEC cultures had progenitor characteristics, similar to those of EPCs (73) . This paradox led to the conclusion that there might be tissue-resident EPCs (71) .
With respect to clinical applications for cell-based therapy in revascularization, the real or induced potential of a progenitor bears little importance as long as there is measurable improvement in the patients' condition. In fact, driving differentiating cells down an endothelial path may be useful in the repair of injured endothelium. However, for the future of EPC therapy, clarifying the contribution and identity of all involved cell types will aid in reducing side effects and enhancing desired outcomes.
THE PRO-ANGIOGENIC MONOCYTE:
AN INSTRUCTIVE EPC? As mentioned above, several cell types that differ slightly in molecular cell surface repertoire of proteins have been identified. More importantly, these cell types have displayed functional differences with regard to their effects in vivo. It was assumed that the most obvious role for an endothelial progenitor would be its direct contribution to the endothelial wall. However, two phenotypes have emerged from the data regarding the differentiation fate of the EPC. One, as mentioned above, integrating into endothelium, and another that takes residence immediately behind the vessel wall (52,74 -76) . The role of this second cell type is presumably to provide paracrine signals to nearby endothelial cells (Fig. 1) . In fact, this "proangiogenic monocyte" has been found to secrete angiogenic growth factors to the adjacent endothelial cells. Rehman and colleagues cultured peripheral blood mononuclear cells and found that they secreted high levels of VEGF, HGF, G-CSF and GM-CSF (52) . It has become apparent that mural cells, which consist of pericytes and vascular smooth muscle cells, are critical mediators in the angiogenic response and directly contribute to vascular stability and remodeling. In a recent study, Tie2 expressing monocytic cells were co-injected with tumor cells. In that study, it was found that there was a significant increase in the level and quality of angiogenesis compared with injecting tumor cells alone (30) . Numerous 30R BARBER AND IRUELA-ARISPE studies have reinforced the importance of interaction between the vascular endothelium and mural cells (reviewed by Armulik, 2005) (77) . Therefore, it is conceivable that a marrow-derived cell could aid in the establishment of new capillary beds by providing important paracrine signals and not by contributing directly to the endothelial wall. The pro-angiogenic monocyte would then, by the current definition, not be an EPC. These observations present a paradigm shift from the simplistic view that a single cell type is responsible for angiogenic growth in adult tissues and steers toward a process where multiple bone marrow-derived cells are involved.
FUTURE DIRECTIONS
The potential therapeutic value of EPCs is undisputed. What remains in dispute, however, is the definition of the EPC. The specific questions that will help to define the EPC are: Which are the pro-angiogenic progenitors in the bone marrow? What is the identity (cell surface repertoire) of the EPC while in circulation? What are its roles in angiogenesis? By striving to more accurately characterize, the cells involved in the process of postnatal angiogenesis, by both phenotype and function, researchers will be able to better compare their results and select subsets of cells with advantageous characteristics for use in future clinical trials.
At least two independent bone marrow-derived cell types have now been described and implicated in vascular expansion/viability using various techniques. One has been shown to differentiate into a mature endothelial cell and directly incorporates into the endothelial wall. The other appears to have monocytic features, incorporates behind the endothelial wall, and secretes pro-angiogenic growth factors, presumably to enhance the survival and growth of the nearby resident endothelial cells. Rather than juxtaposing these data, some investigators viewed this as quite fortuitous, as multiple subsets of cells could modulate angiogenesis by independent mechanisms that could be exploited in the development of strategies for therapy. Clinical trials with subsets of bone marrow cells are progressing with extreme caution, with the understanding that inclusion of side population cells that might not contribute to angiogenesis could be harmful. The most appealing explanation for the diversity of observations of EPC function is a highly plastic cell type with the ability to respond to the vascular needs of the immediate surroundings once it has been recruited to the site of angiogenesis.
Due to their accessibility and rapid response, circulating EPCs have been used as surrogate markers for a wide variety of pathologies. Several experimental studies have shown a direct correlation between EPCs and pathologic status. In fact, these cells have been shown to correlate with ischemia extent in a stroke or myocardial infarction; level of angiogenesis in tumors; and risk factor status in interventions associated with atherosclerosis. While the use of EPCs as surrogate markers in the clinic might occur soon; a more direct exploration of these cells as therapeutic tools in patients is long-reached. Additional information from basic science is needed to aid in the development of safe and predictable therapies with measurable outcomes.
There is little doubt that adult angiogenesis is a more complex process than previously anticipated. Nonetheless, persistent exploration of the biology of EPCs in preclinical settings will most likely allow a quick transition of this technology into clinically relevant therapies.
